Using the process of cavity-enhanced spontaneous parametric down-conversion (SPDC), we generate a narrow-band polarization-entangled photon pair resonant on the rubidium (Rb) D1 line (795 nm). The degenerate single-mode photon pair is selected by multiple temperature controlled etalons. The linewidth of generated polarization-entangled photon pairs is 15 MHz which matches the typical atomic memory bandwidth. The measured Bell parameter for the polarization-entangled photons S = 2.73 ± 0.04 which violates the Bell-CHSH inequality by ∼18 standard deviations. The presented entangled photon pair source could be utilized in quantum communication and quantum computing based on quantum memories in atomic ensemble.
Introduction
Storage of entangled photons is a key component for longdistance communication and linear quantum computation. [1] [2] [3] [4] [5] [6] Spontaneous parametric down-conversion (SPDC) in nonlinear crystals is the most widely used method to generate entangled photons. [7] [8] [9] [10] However, the entangled photons from single-pass SPDC have a very broad linewidth on the order of THz 8, 9) which are unfeasible to be stored in the most matter nodes. 2, [11] [12] [13] [14] For instance, the typical bandwidths of the atomic quantum memories range from MHz to GHz. [14] [15] [16] [17] [18] In order to efficiently store the entangled photons in atomic memories, we need to reduce the linewidth of entangled photons from SPDC.
By means of optical filters, the linewidths of the photons from SPDC have been reduced to GHz even MHz order and the storages of the entangled photons have been demonstrated in solid-state 11, 12) and atomic ensembles. 14) The drawback of the filtering scheme is that the count rate of photons is inevitably decreased. For solving this problem, cavity-enhanced SPDC has been developed to prepare the narrow-band photon pairs. 19) By putting the nonlinear crystal inside a cavity, the linewidth of generated photon pairs is limited by the cavity linewidth and the generation probability for the down-converted photons whose frequency matches the cavity mode will be enhanced greatly. Significant progress has been made in this regard. [19] [20] [21] [22] [23] [24] [25] Recently, the generation of single-mode narrow-band polarization entangled source has been reported through cavity-enhanced SPDC, 25) and the storage of such entangled photons has been demonstrated in a cold atomic ensemble. 26) In this paper, we also demonstrate a narrow-band polarization-entangled photon pairs at Rb D1 line (795 nm). Based on cavity-enhanced SPDC, a pair of horizontally (H) and vertically (V) polarized photons is generated from a type-II periodically poled KTiOPO 4 (PPKTP) crystal placed in a cavity. Passing though multiple etalons, the non-degenerate correlated photon pairs from the cavity are filtered and the degenerate single-mode pairs are remained. The single-mode photon pair is split into two parts with a 50=50 nonpolarizing beam splitter (NPBS). For the case that each output port has one photon, the photon pair will be in polarization entangled state in the post-selected manner. In contrast to the past experiment, 25) in which, jHi and jVi modes of the photon pairs are separated on a polarizing beam splitter (PBS), and filtered by two different etalons, respectively, then combined on another PBS for generating entangled photon pairs, in our experiment, the jHi and jVi modes of the photon pairs are filtered by a set of etalons, and then sent to an 50=50 NPBS to generate entangled two polarization qubits. So our experimental setup is relative simple. The linewidth of polarization-entangled photon pairs here is 15 MHz, which matches the typical atomic memory bandwidth.
2) The measured Bell parameter S ¼ 2:73 AE 0:04 which violates the Bell-CHSH inequality by ∼18 standard deviations. The coherent length is measured to be about 20 m via a Mach-Zehnder (MZ) interferometer.
Experimental Setup
The experimental setup is shown in Fig. 1 . A tapered amplifier (TA) is employed to amplify the output power of diode laser which is locked to the D1 line of Rb, the corresponding wavelength is 795 nm. The linewidth of diode laser amplified by TA is less than 1 MHz. The beam from the TA is phase modulated by an electro-optic modulator. This modulation is used to lock a cavity for frequency doubler and a cavity for SPDC via a Pound-Drever-Hall (PDH) locking method. 27) Most of laser is sent to a frequency doubler for generating the 397.5 nm ultraviolet (UV) laser which is used to pump the nonlinear crystal to generate SPDC photon pairs (795 nm), and a small fraction of laser is split as the locking beam of cavity for SPDC.
The frequency doubler is in a standing-wave cavity configuration. A 10 mm long type-I PPKTP crystal is used for second-harmonic generation. By pumping 450 mW of light at 795 nm, we obtain 100 mW of 397.5 nm UV light. The UV light with linewidth of about 1 MHz is used as the pumping beam for SPDC cavity. The cavity for SPDC is also in a standing-wave cavity configuration composed of two concave mirrors with curvature radius 50 mm. The cavity is near concentric in which the distance between two cavity mirrors is 92 mm. The input coupler mirror is high-reflection coated at 795 nm (R > 99:9%) and anti-reflection (AR) coated at 397.5 nm. The output coupler mirror has a transmittance of 5% at 795 nm and high reflectance at 397.5 nm. The linewidth of pump beam is smaller than that of the SPDC cavity (about 15 MHz). A 10 mm long type-II PPKTP crystal is used as the down-converter. Under the condition of phase matching, an H polarized UV pump photon down-converts to a near-infrared photon pair (795 nm) with one polarized in H and the other in V. The facets of the PPKTP are AR coated at 795 and 397.5 nm to minimize losses within the cavity. So the SPDC photons are resonant with the cavity and the UV pump light interacts twice with the PPKTP in the cavity. The purpose of UV light interacting twice is to facilitate the mode-matching between UV light beam and the cavity. The temperature of the type-II PPKTP crystal is controlled by a high performance temperature controller with precision of 0.002°C. An isolator is inserted between the cavity for SPDC and frequency doubler to prevent the reflection of the cavity for SPDC from feeding back to the frequency doubler. We use a dichroic mirror DM1 to combine the locking light with the UV light before the cavity. After the cavity, DM2 is used to separate the residual UV light from the generated down-converted near-infrared photons. The near-infrared light transmits and the UV light reflects on DM2. Due to imperfect coating of DM2, there is a small fraction of near-infrared light in the reflective beam. The near-infrared light is extracted and detected by detector D1 which is used to observe the transmitted signal of cavity and lock the cavity. The cavity is locked at resonance using locking beam via PDH method, and the modulation frequency is 20 MHz. The frequency of degenerate mode (! 0 ) of the SPDC photons is as same as that of the locking beam. In order to realize the double resonance of H and V modes in the OPO, the polarization of locking beam is set at 45°by rotating a half wave plate (HWP) so that the both modes can be shown by oscilloscope. By slightly changing the temperature of type-II PPKTP, the peaks of H and V modes are becoming overlapped. The doubly resonant geometry of OPO for H and V polarization is achieved when the peak reaches the maximum height, the temperature of PPKTP is around 40.356°C. The locking beam with 45°p olarization is locked at the maximum height which implies the H and V polarization components are locked at cavity resonance at the same time. Besides, two mechanical switches are used to alternate the periods of cavity locking and signal detection to avoid damaging the single photon detectors (SPDs) and eliminate the background count. The locking repetition rate is 20 Hz.
Due to the large phase-matching bandwidth of SPDC process (300 GHz), there are numerous non-degenerate correlated photon pairs together with degenerate photon pair. The quantum state from the cavity output can be expressed as 25) 
where H and V are the free spectrum ranges (FSR) for H and V modes, respectively. The measured values of H and V are 1468 and 1481 MHz, with a difference Á ¼ H À V ¼ 13 MHz. Ω is the average of H and V . F % 100 is the finesse of the cavity. N is determined by the phasematching bandwidth and the FSR of the cavity. In Eq. (1) only single photon-pair events are considered, and the vacuum states and multiple photon-pairs events are omitted. The first term of the right side of Eq. (1) is the expected degenerate pair output. The following four terms in the summation correspond to the case that one photon is resonant with the cavity while the other is not. The ratio between the summation of these non-degenerate modes to the degenerate mode is
To filter the non-degenerate photon pairs, we employ five degenerate photons by controlling their temperatures. Those etalons can keep stable operation in 10 h. The slight reflection from the etalons will cause the OPO cavity to be very unstable. By adjusting the incident angles of light on etalon surfaces to slightly deviate from normal incidence, the feedback to OPO can be avoided and a high transmissivity of degenerate mode can be kept simultaneously. The total transmittance of the five etalons is ∼40%. After the filters, the ratio μ is changed from 1.87 to 5:4 Â 10 À6 . The degenerate single-mode photon pair is split into two parts with a 50=50 NPBS. Each photon of the photon pair has same probability to be transmitted or reflected at the NPBS. The reflected and transmitted photons are further coupled into two multimode fibers and detected by two SPDs (Perkin-Elmer SPCM-AQRH-15-FC) respectively. The signals from the SPDs are acquired by a four-channel event time digitizer (FAST Com Tec P7888) and analyzed by a computer. If two photons are detected by the two SPDs at the same time, respectively, the two photons are projected into entanglement state:
ÞðjHijVi À e i jVijHiÞ, 21) where α is the phase shift between jHi and jVi modes on the NPBS. In order to generate the maximum entanglement state j'i ¼ ð1= ffiffiffi 2 p ÞðjHijVi À jVijHiÞ, the phase shift is needed to be compensated. We add a phase compensation unit including two quarter wave plates (QWP) and one half wave plate (HWP) in one output path to compensate the phase shift.
Results and Discussion
We firstly measured the generation rate of entanglement photon pairs as a function of the UV pump power. In the measurement, the polarization angles of photon A and B are set to 0 and =2, respectively. The measured coincidence counts are shown in Fig. 2 . The data is fitted with a linear function which is agreed well with experimental data. Because the coincidence counts are measured after projection, the pair generation rate is twice the coincidence counts. We get a maximal generation rate of 1434 s −1 at the pump power of 32 mW. By improving the efficiency of the filters and employing longer nonlinear crystal, the generation of entangled photon pairs can be increased further.
We make a polarization correlation measurement at 7 mW pump power. At a fixed polarization angle of photon A ( A ), coincidence counts between SPD1 and SPD2 over a 1 s interval are taken at different polarization angles of photon B ( B ). Figure 3 shows the coincidence counts for A ¼ 0 (circle dots) and A ¼ À=4 (square dots), and their sinusoidal fits. We use the Monte-Carlo method to calculate the visibilities of two interference fringes. The visibilities are 97:8% AE 1:5% and 96:6% AE 2:2% for A ¼ 0 and À=4, respectively. It should be noted that the visibilities decrease with increasing pump power. When the pump power is 20 mW, the visibilities decrease to 92%. The possible reason is that the large pump power causes the increase of multiphoton occurrence probability. We measure the Bell parameter S for the polarization-entangled photons at 7 mW pump power. In the canonical settings A ¼ 0,
we obtained an S value S ¼ 2:73 AE 0:04 which violates the Bell-CHSH inequality by ∼18 standard deviations.
In order to further quantify the quantum properties of produced entanglement source, we also perform a quantum state tomography. In the process, 16 coincidence counts of independent projection states are needed to determine the polarization state density matrix. We insert an additional QWP in front of each polarizer, so the photon A and B can be projected into arbitrary polarization state by rotating the angle of the QWPs and HWPs. Using the maximum likelihood estimation method 28, 29) the density matrix is reconstructed as follows: Figures 4(a) and 4(b) show the real and imaginary parts of density matrix, respectively. By using the formula of F ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi h'jj'i p , we calculate the fidelity of reconstructed density matrix by comparing with the maximally entangled state j'i ¼ ð1= ffiffiffi 2 p ÞðjHijVi À jVijHiÞ, which amounts to 95:2% AE 0:8%.
The time correlation function between the generated photon pairs is measured to acquire the linewidth of the entanglement source. In the experiment, the detected signal of SPD1 is sent to the start channel of P7888, and the detected signal of SPD2 is sent to the stop channel of P7888. The resolution time of P7888 is set to 1 ns. By running the measurement 10000 times, we perform statistics of the counts in each time delay, and get the curve of counts vs time delay, as shown in Fig. 5 . The FWHM of correlation time is 14.5 ns. We use the function expðÀ2ÁjtjÞ to fit the experimental data, the best fit shows that the linewidth (Á) is about 15 MHz, which matches the typical atomic memory bandwidth.
In Fig. 5 , as the event time digitizer P7888 have a resolution time of 1 ns which is large than the cavity roundtrip time of 670 ps, the time correlation measurement cannot prove our source single-mode output. To ensure the singlemode property of the generated photons, we measure its coherence length through a single-photon interference experiment 30, 31) by using an MZ interferometer. The setup of MZ interferometer is shown in Fig. 6(a) . The jHi mode of the filtered photon pairs is sent to a fiber beam splitter which separates the field from input port into two equal parts at output 1 and output 2 ports. The two fields from output 1 and output 2 ports are combined with a 50=50 NPBS to form an MZ interferometer. To scan the interference fringes, a reflective mirror in one arm is attached with a piozoelectric transducer for fine tuning. With a classical light fed into the interferometer, an interference visibility of 0.97 is observed, showing the good quality of interferometer. To change the path difference between two arms, we cut the fiber L2 and connect the fibers with different lengths between two endpoints. The measured visibilities versus the path difference between two interfering beams are shown in Fig. 6(b) . The average interference visibility is 95% when the two arms have same lengths. The visibility declines with the increase of the path difference. When the path difference is 4.5 m, the visibility is still 75%. The coherence length is measured to be about 20 m, which is consistent with the result from the time correlation measurement in the relation of ÁL ¼ Á , where ν and λ are the frequency and wavelength of SPDC photons, respectively. While for a multimode source, determined by the phase-matching condition, the coherence length is usually less than several mm. The measured coherence length provides good evidence that the generated photons are single-mode.
Conclusion
We report an experimental preparation of a narrow-band polarization-entangled photon pairs through cavity-enhanced SPDC. The wavelength of entangled source is 795 nm, corresponding to D1 line of Rb atoms. The single-mode photon pairs are selected by using multiple etalons as filters. The measured linewidth of entanglement source is 15 MHz which matches the typical atomic memory bandwidth. The measured bell parameter for the polarization-entangled photons S ¼ 2:73 AE 0:04 which violates the Bell-CHSH inequality by ∼18 standard deviations. By performing quantum state tomography, we obtain fidelity of 95% between the generated entangled source and a maximally entangled state. The coherent length is measured to be about 20 m via an MZ interferometer. The presented entanglement source could be utilized in quantum communication and quantum computing based on quantum memories in atomic ensemble.
